To further our understanding of the role of stress proteins in development as well as in adaptation of fish to adverse environmental conditions, we undertook molecular analyses of stress protein encoding genes from the hermaphroditic teleost Rivulus marmoratus. We isolated a genomic clone containing the Hsc71 gene (rm-hsc71m) and its upstream sequences. rm-Hsc71m is not induced by external stress, but is enriched in a tissue-specific manner during early development. In adult, the strongest expression appeared in skeletal muscle, whereas lower expression was seen in the gill, eye and brain. To understand the regulatory basis of high muscle expression of rm-hsc71m, transfection of R.marmoratus muscle tissue was performed using 5′ deletion fragments containing the rm-hsc71m promoter driving EGFP expression. An upstream region from -2.7 to -1.9 kb was identified as a muscle-specific regulatory region. Within this region, we identified at least three sites with the novel sequence TGTnACA interacting with a fish muscle factor having an M r of 32 000. Our data indicate that rm-hsc71m expression in skeletal muscle is controlled by a muscle-specific regulatory element containing this novel motif.
INTRODUCTION
Heat shock proteins (HSPs) exhibit not only temporally induced expression in response to environmental stresses but complex patterns of spatial and temporal regulation during embryonic development in a wide range of organisms (1) (2) (3) (4) .
Although most of what we know about HSPs comes from studies of a variety of organisms (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , fish are a valuable model system to investigate the functional role of HSPs as well as how their expression is regulated (21, 22) . Fish are highly diverse vertebrates living in a variety of aquatic habitats; therefore, to endure diverse environmental conditions, fish have acquired not only specialized organs and regulatory systems but likely have highly developed responses to stress. Furthermore, in recent years fish have emerged as a popular model for the study of vertebrate development and are amenable to a combination of embryological, genetic and molecular approaches (23, 24) .
Mangrove rivulus, Rivulus marmoratus, in particular is one of the best model systems available to examine the regulation of stress protein expression at the tissue level or as a whole organism. This mangrove-dwelling fish is the only vertebrate that is a synchronous, internally self-fertilizing hermaphrodite (25) . This unique reproductive mode yields offspring with little genetic variation (26) , and therefore, Mangrove rivulus are believed to rely on post-genomic means such as stress proteins to adapt to various environments. Besides its genetic homogeneity, this fish has several desirable attributes for studies on stress proteins. Most importantly, Mangrove rivulus shows strong physiological tolerance in both its natural habitat and in laboratory culture. Although the natural habitat of this species is shallow estuarine mangrove marshes, it has wide salinity tolerance ranging from freshwater to salinity twice that of seawater (70‰ salinity) and can survive within a water temperature range of 4-40°C (27, 28) . This species also exhibits a strong tolerance of pH toxicity, such that the 96-h LD 50 values for acid and base are under pH 4.0 and over pH 10, respectively (29) . Tolerance of environmental extremes suggests that the fish have well-developed stress proteins, probably to compensate for the genetic rigidity.
As an initial effort to analyze the role of stress proteins in Mangrove rivulus, we report here the genomic cloning of a heat shock cognate protein 71 gene (rm-hsc71m) and its upstream regulatory sequences, and present expression profiles of rm-hsc71m during development as well as in response to external stresses. We have also identified a novel musclepreferred regulatory element with the sequence TGTnACA interacting with a fish muscle factor having an M r of 32 000.
MATERIALS AND METHODS

Accession number
The sequence for rm-hsc71m was deposited in DDBJ/EMBL/ GenBank under accession number AF227986.
Genomic library screening, DNA subcloning and sequencing
A λGEM-II genomic library (30) was screened using a [α-32 P]dCTP-labeled human hsp70 cDNA probe. After hybridization and washing, the filter was air-dried and exposed to X-ray film. For restriction enzyme mapping, the DNA from an individual clone was digested with various restriction enzymes, individually or in combination. Nucleotide sequencing of a series of deletion mutants generated by the erase-A-base method (Promega) was performed manually with a sequencing kit (Pharmacia). Sequence data was compiled and analyzed by the DNASIS program. Homology searches, at both the nucleotide and amino acid levels, were performed using the NIH BLAST program.
Primer extension analysis
Primer extension was carried out according to the procedure of Williams and Mason (31) . A chemically synthesized oligonucleotide primer (from +1715 to +1734) from the 5′-end of the coding exon II (primer b in Table 1 ) was 5′-end labeled with [α-32 P]ATP. This primer was annealed to 30-50 µg of total RNA purified from Rivulus trunk muscle at 50°C in 30 µl of hybridization buffer. Reaction products were analyzed by electrophoresis through a 6% polyacrylamide gel including 8 M urea with reference to a sequencing ladder of M13 DNA and visualized by autoradiography.
Construction of expression plasmids
DNA containing 2792 bp of upstream sequences and 44 bp of exon I of rm-hsc71m was cloned upstream of an enhanced green fluorescent protein (EGFP) gene in the pEGFP-N1 vector (Clontech), and the resulting vector was designated pRM2792. The vectors pRM2654, pRM1943, pRM1572, pRM1278, pRM775 and pRM389 were generated by erase-Abase mutagenesis of the pRM2792 vector. The terminal junction sequences of each construct were confirmed by direct DNA sequencing. The pRM214 and pRM79 vectors were generated by subcloning the PCR fragments. The pRM1943-3′Sen and pRM1943-3′Asen vectors were constructed by inserting an~1.2 kb PvuII fragment from -2617 to -1418 bp of the rm-hsc71m upstream sequences downstream of the EGFP gene in pRM1943 in both the sense and antisense orientations, respectively. All plasmids were purified using a Qiagen plasmid Midi kit (Qiagen). 
Laboratory culture of R.marmoratus
Fish were bred and reared in a 40 l glass container containing aerated brackish water of 10 ± 1‰ salinity at 25 ± 1°C (32, 33) . Specimens used in this study were from the 27th to 29th generations of a single progenitor raised in Hanyang University until analysis. This progenitor originated from the Zoologisches Institut und Zoologisches Museum, University of Hamburg, Germany, in 1981 and the Hamburg stock was derived from Floridian wild ancestors in the mid 1970s. Developmental stages were defined as days post-fertilization or were determined by morphological criteria (34) . For the test of stress inducibility, a minimum of three 1-year-old fish were placed as a group in containers with water of different temperatures (25, 38 and 40°C) or with water at pH 4.5 for 0.5, 1.0 or 2 h (29).
Tissue culture and transient transfection
For tissue culture of rivulus skeletal muscle and liver, fully matured 1-year-old individuals were anesthetized in ice-cold water and the skeletal muscle and liver tissues were dissected in individual 100 mm Petri dishes containing PBS with 2× penicillin/streptomycin. After washing several times with PBS, tissues were cultured in RPMI medium (Gibco-BRL) supplemented with 10% bovine calf serum at 30°C in a CO 2 incubator for 3-7 days. To determine transfection efficiency we transfected pCMV-EGFP or pCMV-lacZ using various transfection protocols and then determined the percentage of positive cells either by fluorescence microscopy in the case of EGFP or after X-gal staining in the case of lacZ. Although the efficiency was low (~1%), transfection using DOTAP reagents (Boehringer Mannheim) gave the best result. The cultured tissues were transfected using DOTAP liposomal transfection reagent with 1 µg of the reporter plasmid and 0.1 µg of a plasmid (pCMV-lacZ) bearing the cytomegalovirus enhancer/ promoter upstream of the lacZ gene. The tissue mass was fragmented to~1 mm 3 with a 25 gauge needle immediately before transfection. At 48 h after transfection, cells were harvested and RT-PCR analysis was performed to detect both lacZ and EGFP transcripts. As a transfection control, EGFP expression was normalized with that of lacZ. All transfections were repeated at least three times.
RNA preparation and RT-PCR analysis
Total RNAs were isolated using RNAzol B (Tel-Test). To purify total RNA from embryos and tissues, fresh samples were frozen in liquid nitrogen, and ground into powder with a mortar before solubilization in RNAzol B solution. RT-PCR assay was performed essentially as described (35) , except that total RNA was treated with 20 µg/ml DNase I (DN-EP, Sigma) for 15 min before the RT reaction to remove contaminating DNA. Primers used for RT-PCR analysis were as follows: EGFP 1R/2R, lacZ 1R/2R and rm-hsc71m primer a/d or c/d (Table 1) .
Extract preparation and gel mobility shift assay
Cellular S150 extracts from fish tissues were prepared according to the short protocol of Roy et al. (36) . For preparing template DNAs, PCR products (A, B and C) amplified by primer pairs of P3/P4, P5/P6 and P7/P8 (Table 1) , respectively, were subcloned into pT7-blue vectors. The probe DNAs for rm-hsc71mE-boxes within the sub-elements in the 5′-distal sequence of rm-Hsc71m and the muscle creatine kinase gene enhancer (MCKE) were prepared by annealing chemically synthesized complementary oligonucleotides ( Table 1 ). All other probes or competitors used in this study were chemically synthesized (Table 1) . Binding reactions were according to the procedure previously described (37) with minor modifications. Briefly, 10 µg of S150 extracts were incubated with a [α-32 P]dCTP-labeled probe for 15 min at room temperature in the presence of 1 or 2 µg poly(dI-dC) (Pharmacia) as carrier. The reaction mixtures were electrophoresed on a 5% native polyacrylamide gel, and then dried gels were autoradiographed.
Southwestern hybridization
Southwestern hybridization was performed by the procedure of Silva et al. (38) with minor modifications. S150 protein extracts prepared from Rivulus liver and muscle tissues were fractionated on 15% SDS-PAGE with a 4% stacking gel, along with a protein molecular weight standard (Bio-Rad). After electrophoresis, the gels were washed three times in 1 h in renaturation buffer with gentle agitation, and the proteins were transferred onto nitrocellulose filters by electroblotting. To prevent non-specific binding, the filters were blocked by shaking in renaturation buffer for 2 h. Hybridization was carried out in a sealed plastic bag with gentle agitation at room temperature for 3 h. Filters were briefly rinsed three times with binding buffer, and DNA-protein complexes were visualized by autoradiography.
Histochemistry and RNA in situ hybridization
A 414 bp and a 690 bp cDNA fragment containing part of exons II-IV and part of initial non-coding exons I-IV of rm-hsc71m amplified by RT-PCR with the rm-hsc71m primer c/d and a/d, were subcloned into pGEM-XhoI, respectively. Sense and antisense RNA probes were generated by transcribing the linearized templates in vitro with digoxigenin-11-UTP using T7 and Sp6 RNA polymerases, respectively, according to the manufacturer's instructions (Genius system, Boehringer Mannheim). For whole-mount in situ hybridization, Rivulus embryos were prepared at the age of 3 or 13 days after fertilization as described by Harland (39) . To prepare paraffin-embedded whole body sections of adult fish, we used the method described by Stern and Holland (40) . Fish histology was guided by the description of Groman (41) . Nucleic acids were unmasked by exposing tissue sections to 0.002 N HCl/0.01% Triton X-100 at room temperature for 90 s and fixed again with 4% paraformaldehyde for 20 min at 4°C. Whole body embryos and tissue sections were treated with proteinase K (50 µg/ml in PBS) for 7.5 min at 37°C and then washed with PBS containing 2 mg/ml glycine. Hybridization and washing of tissue sections were as described by Springer et al. (42) . Hybridization was monitored with the alkaline phosphatase-conjugated anti-digoxigenin antibody (Genius system). To inhibit endogenous phosphatase activity, levamisole (2.4 mg/10 ml, Sigma) was added to the color reaction.
RESULTS
Molecular genomic cloning of the R.marmoratus Hsc71 (rm-Hsc71m)
To examine heat shock gene expression in Rivulus, we isolated hsp70-related genes from a Rivulus genomic library (30) . Rivulus genomic clones were screened by low stringency hybridization using a human hsp70 cDNA as a probe. Seventysix clones were isolated in the primary screen and were placed into three groups depending on the intensity of the hybridization signal. Restriction enzyme analysis and Southern blotting of the strong signal group identified six clones with similar patterns (data not shown). One was sequenced, and contained sequences encoding the R.marmoratus hsc71 gene, which showed high muscle-specific expression (see below); hence it was designated rm-hsc71m.
To characterize rm-hsc71m, we sequenced 11 041 nt of the 13.8 kb insert DNA. As indicated in the sequence deposited in GenBank (accession no. AF227986), the clone contained one putative gene composed of eight exons capable of encoding 655 amino acids and~4.4 kb of upstream sequences. A homology search of this protein using the Blast program revealed its high homology to the cytosolic and constitutively expressed Hsc70 family (data not shown). Similar to other cytosolic and constitutively expressed Hsc70 family genes, rm-hsc71m has one non-coding exon at 1704 bp upstream of the first coding exon. A 690 bp RT-PCR product was obtained when total RNA was subjected to RT-PCR analysis with a primer in the putative non-coding exon and a primer in the third coding exon (Fig. 1A and data not shown). The splice junction of the first non-coding exon was confirmed by direct sequencing of the RT-PCR products (data not shown). As predicted, primer extension analysis showed that the transcription start site was 68 bp upstream of the splice donor of the non-coding exon I (data not shown). Thus, the rm-hsc71m gene is composed of nine exons including the first non-coding exon and eight introns (Fig. 1B) . It is noteworthy that the first intron of fish is much longer than the first introns seen in mammals, and the fourth intron of Rivulus (1580 bp) is the longest among the known species.
External stress dependency of the rm-hsc71m gene expression
To determine whether rm-hsc71m is induced by external stress, we examined its temporal expression pattern in response to stress in 3-month-old fish by RT-PCR. Primer sequences for RT-PCR analysis were designed to detect selectively rm-hsc71m transcripts. One primer contains sequences from +17 to +36 in the initial non-coding exon I which is not conserved at all, whereas other primers in exon II or IV is one of the least conserved sequences among the known Hsc70 families in other species (see Materials and Methods, and Discussion). Indeed, these primers were unique to show a single cDNA product in RT-PCR of rivulus total RNA (data not shown). For induction by either pH-shock or heat-shock, rivulus were reared in water at pH 4.5 for 0.5, 1 or 2 h, or in water temperatures of 25, 38 or 40°C for 1 h, respectively. Under these conditions expression of rm-hsc71m was unchanged although the basal levels of rm-hsc71m expression varied among tissues examined (data not shown). Similar results were obtained in experiments using fish of different ages (data not shown) indicating that expression of rm-hsc71m is not induced by acute external stress.
rm-hsc71m expression during developmental stages
To examine how rm-hsc71m expression is regulated in early development, total RNA was prepared from unfertilized eggs through juvenile stage larvae, and the steady state levels of rm-hsc71m transcripts were analyzed by RT-PCR. As shown in Figure 2A , the expression of rm-hsc71m was apparent in 6-day-old embryos (lane 4), and the highest expression was seen in 10-day-old embryos (lane 8). It is possible that inability to observe rm-hsc71m expression in younger embryos is due to cell-or tissue-specific expression of low but undetectable levels of rm-hsc71m. To examine cell-or tissue-specific expression of rm-hsc71m, whole-mount in situ hybridization assay was performed. RNA probes were prepared as described in Materials and Methods. Whole-mount in situ hybridization showed rm-hsc71m expression in regions of the head and in somites of 3-day-old embryos (Fig. 2B, panel a) . Similarly, strong expression of rm-hsc71 was apparent in the entire body in 13-day-old embryos and comparable signals were not seen using a sense RNA probe (compare panels b and c in Fig. 2B ). Thus, these data suggest that rm-hsc71m expression is regulated temporally and spatially during early development, such that early, low expression begins at day 3 in the head and somites and maximal expression occurs in the entire area of the trunk starting at day 10.
To determine whether rm-hsc71m has any tissue-tropism in its expression in adult fish, RT-PCR analysis was performed with RNAs isolated from adult tissues. As shown in Figure 3A , the strongest expression was in skeletal muscle, whereas lower expression levels were in the gill, eye and brain. Such tissuespecific expression was confirmed by RNA in situ hybridization of paraffin-sectioned 1-year-old fish. Similar to RT-PCR analysis, expression of rm-hsc71m was prominent in skeletal muscle (Fig. 3B, panels b, e and i) , whereas lower expression levels were seen in gill filament and brain tissues (Fig. 3B,  panels b and g ). Thus, our data indicate that rm-hsc71m expression is regulated from early embryonic stages to adult stages with strong tissue-tropism. The data also suggest that rm-hsc71m may play a role in development of skeletal muscle or in the maintenance of muscle tissue in adult Rivulus.
Identification of the enhancer region for the musclespecific expression of rm-hsc71m
To identify specific regions of the genomic clone containing elements responsible for high muscle-specific expression of rm-hsc71m, we used transient transfection of Rivulus primary skeletal muscle tissue. Liver tissue, in which expression of rm-hsc71m is negligible, was included as a negative control. Tissue culture was conducted as described in Materials and Methods. Following co-transfection of varying amounts of pCMV-EGFP with a constant amount of pCMV-lacZ, EGFP expression was measured by RT-PCR and normalized to lacZ Table 1 ). Staging of embryos was determined by the criteria of Harrington (34) . As a loading control, photographs of ethidium bromide-stained 28S and 18S rRNA are also shown in the lower panel. expression. EGFP expression was always proportional to the concentration of pCMV-EGFP (data not shown), indicating that despite its low efficiency, transfection of cultured fish tissues is feasible.
To identify skeletal muscle regulatory elements, transfections were performed using 5′ deletion fragments containing the rm-hsc71m promoter linked to the EGFP reporter. The activity of each construct was expressed relative to that of the pRM79 construct (Fig. 4A) . Transcriptional activity of the pRM79 construct containing an E-box and a TATA box was similar in both liver and muscle (data not shown). The relative transcriptional activity of pRM2792 and pRM2654 in muscle tissue was 3-fold higher than in liver. However, a 5′ deletion up to -1943 (pRM1943) reduced the transcriptional activity in muscle to a level seen in liver. Deletion of downstream sequences (-1572, -1278, -775, -389 and -214) did not significantly reduce promoter activity in either tissue. These data indicate that a 712 bp region between -2654 and -1943 functions as a muscle-specific element in the rm-hsc71m gene; therefore we designate this region as a Rivulus major muscle element (rMME).
To confirm that rMME is the major muscle-specific regulatory element, two reporters (pRM1943-3′Sen and pRM1943-3′Asen) containing rMME cloned 3′ of the reporter in both sense and antisense orientations, respectively, were constructed and analyzed in the transient assay (Fig. 4B ).
Activation by pRM1943-3′Sen was comparable to that of RM2654, whereas activation by pRM1943-3′Asen was comparable to that of pRM1943. Thus, this result suggests that the rMME is a muscle-specific upstream promoter element although we do not exclude the possibility that the rMME is part of an enhancer (see Discussion).
Identification of muscle-specific factor binding sites in the rMME of rm-hsc71m
To identify specific factors that might regulate rm-hsc71m expression in muscle, we searched mammalian databases for putative transcription factor binding sites within the genomic clone. We found several potential binding sites for musclespecific factors, namely, four E-box (CANNTG) motifs, one element for transcriptional enhancer factor 1 and one myocyte enhancer factor 2/serum response element (43) (44) (45) (46) , within the rMME region. Of the four E-boxes, three are located in subregion B (from -2417 to -2215 nt), whereas the fourth one is in sub-region A (Fig. 5A) . Interestingly, sequences from -2351 to -2267 nt of sub-region B (rm-hsc71mE box) were similar to the sequence and spacing of two E-boxes found in the MCKE, Identification of muscle-specific binding activity in the rMME of rm-hsc71m. (A) Schematic representation of the rMME (from -2654 to -1943) of rm-hsc71m is shown. Three putative muscle-specific factor-binding subelements identified by a DNASIS program were designated A, B and C, respectively. The rm-hsc71mE element represents sequences similar to those seen in the MCKE. (B) Electrophoretic mobility shift assay shows muscle-enriched rm-hsc71mE binding activity distinct from MCKE binding activity. A gel mobility shift assay was performed using a MCKE or an rm-hsc71mE probe in the presence of rivulus muscle or liver S150 extracts to assay for muscle-specific rm-hsc71mE binding activity. To determine the specificity of rm-hsc71mE binding activity, molar excess amounts of cold rm-hsc71mE competitor (10× and 50×) were included in the reaction. Filled and unfilled arrowheads show specific and non-specific binding activities, respectively. (C) A single predominant rm-hsc71mE binding activity exists in the B region. To look for additional binding activities in the B region, the B fragment was used as a probe in a gel shift assay in the presence of Rivulus muscle S150 extracts. To determine the specificity of binding, 10× or 50× molar excess amounts of cold competitor, B or rm-hsc71mE, were added during the assay. The arrowhead indicates the shifted binding activity. (D) Regions A and C also show muscle-specific binding activity similar to rm-hsc71mE binding activity in the B region. To determine whether muscle-specific DNA binding activities exist in A and C regions, probe DNAs prepared from A and C regions were used in gel shift assays containing Rivulus muscle or liver S150 extracts. The arrowhead indicates a shifted band.
which is one of the best-characterized skeletal muscle cell-specific regulatory elements (45) (46) (47) (Fig. 5A) . Thus, we examined whether binding to the rm-hsc71mE box was similar to that seen in the MCKE by an electrophoretic shift assay using probes derived from both the MCK enhancer and rm-hsc71mE. Strong MCKE-binding activity was observed in both muscle and liver extracts, although a weaker muscle-specific complex was also observed (Fig. 5B) . The strong complex formed on the MCKE probe was competed with excess amounts of the cold MCKE but not with the rm-hsc71mE (data not shown). In contrast, a muscle-specific complex with different mobility from that seen in liver was formed on the rm-hsc71mE probe with muscle extracts and competed by excess cold rmhsc71mE competitor (Fig. 5B, lanes 6-8) but not by the MCKE competitor (data not shown). This muscle-specific binding activity is the major one observed in region B (Fig. 5C) , and it is also observed with two other DNA fragments A and C (Fig. 5D ). These complexes were competed by rm-hsc71mE and DNA fragment B cold competitors (Fig. 5B and data not shown). It is noteworthy that an E-box motif is not found in region C. Thus, this investigation suggests that sequences responsible for muscle-specific rm-hsc71mE binding activity are not E-box motifs and that E-box binding activity may not be sufficient for muscle-specific high expression of rm-hsc71m in Rivulus.
To identify specific sequences responsible for musclespecific binding activity within the rm-hsc71mE, we searched for homologous regions on both strands within regions A, B and C, and identified the consensus sequence TGTnACA (Fig. 6D) . To determine whether these sequences were responsible for muscle-specific binding activity, electrophoretic gel shift assays were performed using double-stranded probe DNAs containing conserved sequences from each of these regions. As a negative control, a right half E-box from the MCKE (MCKE-RH) was also included. Indeed, as shown in Figure 6A , a muscle-specific complex, similar to that found in the rm-hsc71mE probe, was formed in every reaction containing each probe, but not on the MCKE-RH probe. The binding affinity was of the order of b box > c box > a box, and was recapitulated in the competitive gel shift analysis (Fig. 6B) . Furthermore, when a double-stranded mutant oligonucleotide (m box), in which all of the central conserved sequences of the b box were altered (TGTGACA→ACAGTGT) was used as a probe, muscle-specific rm-hsc71mE binding activity disappeared (Fig. 6C) . On the other hand, the bm box with three base substitutions in the central conserved region of the b box was a poor probe for the muscle-specific factor, but was a fairly good competitor for the b box ( Fig. 6A and B) . These observations suggest that the central TGTnACA sequence is essential for muscle-specific factor recognition even though sequences flanking the central TGTnACA may also participate in binding activity.
Identification of a muscle-specific trans-acting factor recognizing a TGTnACA box
A southwestern assay was employed to identify and determine the size of the putative muscle-specific factor interacting selectively with the TGTnACA box DNA. Rivulus muscle and liver S150 extracts (100 µg) were separated on an SDS-polyacrylamide gel (Fig. 7A) , and a southwestern assay was performed using the double-stranded probe containing either central TGTnACA sequences (b box) or mutant ones (m box) (see Fig. 6D ). A band with an apparent M r of 32 000 was detected in muscle extracts but not in liver extracts to the b box probe (Fig. 7B) , whereas no band was detected in both extracts to the m box probe (Fig. 7C ). This protein band was efficiently competed in a reaction containing excess amounts of cold competitors, such as DNA from boxes a, b and c, but not by MCKE DNA or by the m box (data not shown). Thus, these data indicate that a muscle-specific 32 kDa protein is abundant in Rivulus muscle and responsible for the binding to the TGTnACA box.
DISCUSSION
By low stringency screening of Mangrove rivulus genomic clones, we identified at least six Hsp70 family genes (data not shown). Here, we have isolated a genomic clone containing rm-hsc71m, which shows high muscle-specific expression. Figure 6 . A novel muscle-specific factor is responsible for recognition of TGTnACA sequences in all three 5′-distal sub-elements of the rMME of rm-hsc71m. (A) Electrophoretic mobility shift analysis showing binding specificity of a novel muscle-specific factor to rm-hsc71mE-related sequences in each sub-region of the rMME of rm-hsc71m. The rm-hsc71mE-related sequences in each region (a box, b box and c box, respectively; see panel D for each sequence) were identified by a computer search. The bm box is derived from the b box with three base changes. The MCKE-RH is the right half E-box in the MCKE (see Table 1 ). Each box was used as a probe in a gel shift analysis containing Rivulus muscle or liver S150 extracts. Specific and non-specific bands are marked by filled and unfilled arrowheads, respectively. The rm-hsc71m gene is composed of nine exons and eight introns including an initial non-coding exon, and its genomic structure and deduced amino acid sequences are similar to those of other cytosolic and constituvely expressed hsc70 family genes (Fig. 1) .
It is noteworthy that probes used for in situ hybridization are specific to rm-hsc71m, without knowing sequences of other Mangrove rivulus hsp70 homologs. Compared with all known Hsp70 family genes, the nucleotide sequences of rm-hsc71m coding exons have 48-88% homology whereas a non-coding first exon is not conserved at all (data not shown). Indeed, the tissue-specific expression profile of rm-hsc71m demonstrated by in situ hybridization using a probe corresponding to a 414 bp sequence in exons II-IV of rm-hsc71m was not different from that of RT-PCR (Fig. 3) . Furthermore, the same result was obtained in the in situ hybridization using a probe corresponding to a 690 bp sequence in exons I-IV (data not shown and see Materials and Methods).
Like Hsc70 family genes in Xenopus laevis (16) and Pleurodeles warltl (17) , the rm-hsc71m gene is not inducible at increased temperature or low pH (data not shown). On the other hand, rm-hsc71m mRNA is expressed at low levels in early embryogenesis, showing only localized expression in a fraction of somites and in the central nervous system of 3-day-old embryos. Maximal expression occurs in the whole trunk of the fish starting at day 10 (Fig. 2) . The 10-day-old embryo exhibits morphological and behavioral characteristics, such as tail beating and the disappearance of the extra-embryonic membrane (34) . Extra-embryonic membranes (chorion, allantois and yolk sac) protect the embryo from the environment and provide nutrients. Thus, high muscle-specific expression of rm-hsc71m correlates with muscle growth and differentiation and with adaptive responses to muscle-specific physiological stresses such as the demand for oxidative metabolism.
The strongest expression of rm-hsc71m is in skeletal muscle, while moderate expression is seen in brain, eye and gill, and little or no expression is seen in liver and kidney of adult fish (Fig. 3) . Similar but distinct tissue tropic expression of hsc70 family gene has been reported in other species. Strong expression of zebrafish hsc70 mRNA is detected in regions of the central nervous system, the eye and in differentiating somites (22) . A similar pattern of hsc70 expression has been reported in Drosophila embryo (18) . In mouse, expression of hsc70 is ubiquitous (13) , whereas the hsc73 gene is expressed in a pattern correlated with neurogenesis (19) . Chicken hsc70 transcripts are largely restricted to neuroectoderm-and mesodermderived structures from gastrulation to early organogenesis (20) . These observations suggest that hsc70 has specific developmental functions in addition to its role in protein folding.
To understand regulation of muscle-specific expression of rm-hsc71m, a regulatory region 5′ of the rm-hsc71m coding sequences was defined using transient transfection analysis in cultured Mangrove rivulus tissues. The rMME containing 712 bp DNA from -2654 to -1943 was identified as a major element for muscle-specific expression (Fig. 4) . Because the rMME functions only in a sense orientation when it is located 3′ of a reporter gene, the rMME might be a simple upstream promoter element. However, we do not exclude the possibility that the rMME is part of a muscle-specific enhancer. Thus, to understand the tissue tropic elements in rm-hsc71m, regulatory modules specific for the central nervous system, eye and gill expression should also be characterized.
Muscle gene expression is thought to occur via interactions between muscle-specific and ubiquitous transcription factors with a common subset of cis-regulatory elements (48, 49) . Because the most widely described muscle gene control elements are sequences containing the canonical E-box motif (45-47), we initially expected that E-box motifs in the rMME would be required for activity. However, a novel motif with the consensus of TGTnACA was identified as a major binding site for a muscle-specific factor having an M r value of 32 000 (Figs 5-7) . We do not know whether the interaction between the TGTnACA motif and the novel 32 kDa factor alone is sufficient for muscle-specific expression. Because there was only a single band shifted by crude cellular extracts of muscle tissue, the TGTnACA box-binding factor may be an abundant protein in Mangrove rivulus muscle tissue. However, further studies, such as fractionation of proteins and footprinting analyses, are required to fully understand the molecular mechanism of muscle-specific expression of rm-hsc71m.
Is the TGTnACA box a novel muscle-specific regulatory element conserved during evolution? Our preliminary data suggest that a muscle-specific binding activity is conserved in fish, but not in mammals. We observed a muscle-specific rm-hsc71mE-binding activity in the electrophoretic gel shift assay or in southwestern blot analysis using muscle extracts of sea bass (Lateolabrzx japinicus), bastard halibut (Paralichthys olivaceus), armorclad rockfish (Sebastes hubbsi), snake head (Channa argus) or mud loach (Misgurnus mizolepis), but not of mouse (data not shown).
It is noteworthy that our novel cis-element responsible for muscle-specific expression is similar to the cis-acting unfolded protein response element (UPRE) in yeast (50) . UPRE is also a palindrome with a spacer of 1 nt but with a different palindromic sequence (CACCGTG). UPRE acts as a cis-acting element for the small basic-leucine zipper transcription factor, Hac1p/Ern4p (50-52), which is necessary for induction of Kar2p, an Escherichia coli DnaK homolog. Hac1 expression is induced by endoplasmic reticulum stress triggered by accumulation of unfolded proteins (53, 54) . A single UPRE sequence in the promoter of at least six luminal proteins involved in the unfolded protein response (UPR) is necessary and sufficient for transcriptional induction (55) . Thus, the high musclespecific expression of rm-hsc71 gene may be comparable to a UPR in yeast. We are currently investigating mechanistic interactions between our novel muscle-specific cis-element and its trans-acting factor.
